In contrast to monolayer graphene, in bilayer graphene (BLG) one can induce a tunable bandgap by applying an external electric field, which makes it suitable for field effect applications. Extrinsic doping of BLGs enriches the electronic properties of the graphene-based family, as their behavior can be switched from an intrinsic small-gap semiconductor to a degenerate semiconductor. In the framework of density functional theory (DFT) calculations, we investigate the electronic and thermoelectric properties of BLGs doped with extrinsic impurities from groups III (B, Al, Ga), IV (Si, Ge) and V (N, P, As), in the context of applied external electric fields. Doping one monolayer of the BLG with p-or n-type dopants results in a degenerate semiconductor, where the Fermi energy depends on the type of the impurity, but also on the magnitude and orientation of the electric field, which modifies the effective doping concentration. Doping one layer with isoelectronic species like Si and Ge opens a gap, which may be closed upon applying an electric field, in contrast to the pristine BLG. Furthermore, dual doping by III-V elements, in a way that the BLG system is formed by one n-type and one p-type graphene monolayer, leads to intrinsic semiconductor properties with relatively large energy gaps. Si-Si and Ge-Ge substitutions render a metallic like behavior at zero field similar to the standard BLG, however with an asymmetric density of states in the vicinity of the Fermi energy. We analyze the suitability of the highly doped BLG materials for thermoelectric applications, exploiting the large asymmetries of the density of states. In addition, a sign change in the Seebeck coefficient is observed by tuning the electric field as a signature of narrow bands near the Fermi level.
I. INTRODUCTION
Bilayer graphene (BLG), in comparison to monolayer graphene, is regarded as a more versatile material in the context field effect applications, because one can induce a gap by applying an external electric field [1, 2] . Numerous attempts have been considered in order to induce a gap in graphene: flourination [3] [4] [5] , doping with heteroatoms like phosphorus or sulfur [6] even at low doping concentrations [7] , by reducing the lateral width of graphene nanoribbons [8] [9] [10] , embedding boron-nitride domains [11] or the use of a proper substrate [12] [13] [14] . However, extrinsic interventions of this type produce other shortcomings, like reduced carrier mobility.
On the other hand, the in-plane conduction of intrinsic BLG systems can be controlled simply by applying an electric field perpendicular to the graphene sheets. The presence of the gap is conditioned by breaking the symmetry between A and B type sub-lattices [15] . Because in doped graphenes the gap size is rather small (0.25 eV) and the electric field required is large, the use of intrinsic BLG is less practical, in spite of the gap tunability. Therefore, in pursuing the gap enhancement in BLGs, similar to the case of monolayer graphene, several methods have been considered, such as doping [16] [17] [18] [19] [20] [21] , functionalization [22, 23] or substrate influence [24, 25] . * nemnes@solid.fizica.unibuc.ro Chemical doping of BLGs was further explored from different perspectives. The junction formed between metallic contacts and graphene as well as doping with metallic species like Au revealed that a high density of electrons can be transferred from the upper donor layer to the lower one [26] . Manganese doped BLGs present a highly polarized spin state suitable for spintronic applications [27] , similar to single layer graphene nanoribbons [28, 29] . Using Mn doping a ferromagnetic graphene field-effect transistor with a finite band gap was fabricated [30] . Molecular doping is another option which provides the emergence of permanent electronic and optical band gaps in BLGs upon adsorption of π-electron molecules [31] . Furthermore, investigations concerning the differences between molecular doping with electron transfer molecules and gating revealed important insights for molecular electronics applications [32] . More recently K-doped BLGs, with intercalated impurities, were shown to exhibit n-type conduction [33] , just alike similarly doped graphene nanotubes.
Single and dual doping has been extensively investigated in mono-and bilayer graphene systems [18] . In this paper we are particularly focused on the combined effect of doping and external electric field. We already showed that the effective doping by boron or nitrogen can be systematically modified by an applied electric field [21] . It was also established that dual doping by B and N, opens a gap at zero field in a BLG system. Here we investigate comparatively these effects by considering other elements from group III (B, Al, Ga), group IV (Si, Ge), group V (N, P, As) and also dual doping (III-V, IV-IV). In the latter case, we opted for a BLG system with one n-type monolayer and one p-type monolayer.
Controlling the p-and n-type doping of BLG would further support the idea of achieving a CMOS type technology on a single bilayer system. Logic circuits depend on the ability of integrating normally-ON and normally-OFF FETs. Inducing a gap in BLG systems without applying an electric field, which can be closed when a top gate voltage is applied would complement the behavior of the pristine BLG. Degenerate semiconductors may find applications as contact regions or transparent electrodes, but can also serve in other opto-electronic and thermoelectric applications. From the former category one can mention highly doped p-n type devices such as tunneling diodes, while from the latter, cooling nanodevices and thermal energy harvesters. A tunable Fermi energy and density of states (DOS) by an external electric field represents here an asset. We approach these issues in a systematic investigation of the electronic and thermolectric properties of doped BLG systems.
II. MODEL SYSTEMS AND COMPUTATIONAL METHODS
The BLG systems investigated here have the standard AB type stacking, which allows the symmetry breaking between the two layers when an electric field is applied. We denote by A s and B s the two sub-lattices in the graphene sheets, where s = 1, 2 is the index of the monolayer. Given the AB stacking of the BLG, we choose that B 1 and B 2 sites overlap, while A 1 and A 2 correspond to the middle of a hexagon in the other layer. We analyze 5 × 5 structures with 100 atoms in the supercell with one or two impurities from group III (B, Al, Ga), group IV (Si, Ge), group V (N, P, As). For single impurity doping the site positions A 1 and B 1 were considered, while for dual doping we take B 1 and B 2 with the maximum overlap. Typical structural conformations are indicated in Fig. 1 . In the following we label the structures with one substitutional impurity as X-BLG and the structures with two impurities as XY -BLG.
The ab initio DFT calculations are performed using the SIESTA package [34] , which achieves a linear scaling of the computational time with the system size by employing a strictly localized basis set. The double-ζ (DZ) basis set was used, with a real space grid set by a 500 Ry grid cuttoff to remove any potential egg-box effects. Typical LDA or GGA functionals underestimate the interlayer distance of 3.35Å determined experimentally for the pristine BLG. Since this is a particularly important aspect for the electronic structures of doped BLGs, we employ here the more computationally expensive vdW-DF functional of Dion et al. (DRSLL) [35] , which is able to reproduce the interlayer distance and electronic properties of pristine BLG with high accuracy [36] . The pseudopotentials of Troullier and Martins [37] were used, with a typical valence electron configurations. A k-point sampling scheme of 11 × 11 × 1 was employed for the integrals in the 1BZ. However, the density of states (DOS) was generated on a finer grid of 101 × 101 × 1 k-points. Similar to Refs. [2, 38] the electronic properties of doped BLGs are analyzed considering external electric fields, applied perpendicular to the graphene sheets.
III. RESULTS AND DISCUSSION

A. Structural properties
Following structural relaxations, local deformations due to the substitutional impurities placed in B 1 and B 1 − B 2 positions appear in the BLG, as indicated in Figs. S1 and S2, which are summarized Table I .
For the X-BLGs we determined the average bond length between the impurity X and neighboring C atoms d X−C , the resulting shift from the graphene plane ∆z X and the modifications to the BLG inter-layer distance d BLG . For all three groups of elements there is a systematic increase of the distances with the atomic number. Group-V elements introduce smaller deformations compared to the corresponding group-III elements. It worth noting that d BLG increases in all cases. A similar behavior is found for A 1 positions as indicated in Table S1 .
For dual doping by X-Y pairs, the structural data is indicated in Table II , where X = B, Al, Ga and Y = N, P, As. The values are in general close to the ones obtained for single impurity doping. Al and Ga combined with group V elements increase significantly the BLG inter-layer distance up to 3.58Å. In addition, the distance between the two impurities d X−Y is typically much shorter than d BLG , one exception being the B-N pair, where the off-plane shifts are negligible. For low dopant concentrations, it is expected that the dopants would interact with carbon atoms from the other layer and the local structural configuration of the system would be much alike the case with one impurity, while the interlayer distance would be less perturbed. Furthermore, as pointed out in Ref. [39] it is possible that the dopants protrude outside of the bilayer system, in which case the interlayer distance becomes smaller, comparable to the pristine BLG.
B. Electronic properties
We first investigate BLG systems doped with one impurity in the upper graphene monolayer, in position B 1 . The band structures determined for zero electric field are indicated in Fig. 2 . Due to the relatively high doping, with one impurity for 100 C atoms in the supercell, group-III and group-V doping render a degenerate semiconductor with the anticipated behavior: for B, Al, Ga doping the system becomes p-type, while for N, P, As doping the system is n-type. Still, there are some distinctive features within systems with impurities from the same group. Increasing the atomic number Z X , one band presenting a rather small dispersion is located near the Fermi level. The energy gap, which is absent in the pristine BLG, is located above or below the Fermi level, depending on the extrinsic impurity type. The charge redistribution is equivalent to an internal electric field. One observes a systematic behavior regarding the position of the gap, i.e. it is getting closer to the Fermi level,
Electronic band structures of doped 5 × 5 BLGs with one impurity in B1 position for zero electric field. The impurities correspond to group III (B, Al, Ga), group IV (Cmeaning no impurity, Si, Ge) and group V (N, P, As) elements. The Fermi level corresponds to E = 0 eV. as Z X increases. Consequently, the Fermi energy of the degenerate semiconductor, defined as the difference between the Fermi level and the bottom of the conduction band / top of the valence band, for n-and p-type semiconductors, respectively, decreases along with Z X . On the other hand, isoelectronic extrinsic impurities introduce small energy gaps, revealing an intrinsic semiconductor behavior. In Fig. 2 we also show the band structure of the unperturbed BLG, when the "impurities" are C atoms themselves, compared to Si and Ge impurities from group IV. The effect of the Si and Ge impurities is to open the gap at the Fermi energy. The density of states (DOS) of the single doped BLG systems are shown in Fig. 3 , for zero electric field and an electric field | E field | = 5 V/nm perpendicular to the graphene sheets, with the two possible orientations. The position of the energy gap is systematically modified by the external electric field, as already indicated for B and N doped BLGs [21] . The gaps introduced by either B or N substitutions were also found in the context of disorder using the random tight-binding model [40] . A particular feature is the appearance of pronounced peaks in the DOS for Al-BLG and Ga-BLG systems located at the Fermi level, which become sharper for P-BLG and As-BLG. The peaks correspond to the poorly dispersive bands indicated in Fig. 2 , which were also observed in Ref. [16] . As it is shown later, the sharp variation of the DOS, which may be further influenced by the applied electric field has significant consequences regarding the magnitude and sign of the Seebeck coefficient. Overall, the features of the electronic structure are well reproduced also for A 1 positions of the substitutional impurities, as one may see from Figs. S3 and S4 in the SM. To establish which configuration is more probable, we calculated the formation energies E f for both sub-lattice positions, A 1 and B 1 , using the relation E f = E X−BLG −E BLG +E C −E X , where E X−BLG , E BLG , E C and E X are the total energies of the doped BLG, pristine BLG and isolated C and X atoms, respectively [16] . The values are listed in Table S1 , showing that, generally, B 1 substitutions are energetically slightly favored over A 1 substitutions. Concerning Si-BLG and Ge-BLG, in the case of B 1 substitutions, the gap observed at zero electric field can be closed by an external field with proper orientation, in contrast to the pristine BLG. Based on this observation, circuits implementing binary logic can be constructed as in standard CMOS, where high/low potential on the top gate can switch the conduction between ON and OFF, but also the other way around, i.e. in normally-ON and normally-OFF transistors.
Next, we turn our attention to intrinsic BLG systems obtained by dual doping with group-III and group-V elements. For the subsequent analysis we chose B 1 -B 2 sites to maximize the charge transfer between the two impurities, but the general behavior is not strongly influenced by the sub-lattice positions. With one p-type impurity in the lower layer and one n-type impurity in the upper layer, the BLG system becomes an intrinsic semiconductor, as one can see from the band structures presented in Fig. 4 . As it was shown in previous studies [21, 40] , B-N dual doping produces small gaps, symmetric with respect to the Fermi level, which are present irrespective of the sub-lattice positions. A negatively oriented electric field (E field = −5 V/nm) enhances the local field produced by the impurity pair and the gaps are getting larger, while the opposite is found for positive fields (E field = 5 V/nm). Although for BN-BLG system there is a relatively low tunability of the gap, it becomes progressively larger as heavier impurities are involved, either p-type or n-type, as one can see from Ga-P Ga-N Al-N Al-P Al-As B-N B-P B-As
Electronic band structures of dual doped BLGs by III-V elements. Intrinsic semiconductor behavior is found, except Al-As and Ga-As which introduce larger structural deformations in the BLG.
ity with the electric field. The largest gap of ∼ 0.4 eV (∼ 0.45 eV with applied field) is found for GaAs-BLG. Other dual doped BLGs have been predicted to exhibit large gaps [18] , but the X-Y substitutions were located in one of the two graphene monolayers. From the fabrication point of view it is however easier to use graphene monolayers with a certain type of doping and subsequently be assembled into BLGs. For comparison, dual doping with isoelectronic species like Si or Ge results in a finite, but asymmetric DOS when no electric field is applied. The SiSi-BLG and GeGe-BLG systems, with the impurities placed on B 1 -B 2 positions, obey the reflection symmetry z → −z such that the two orientations of E field are equivalent. In this case, a small gap appears, as one can see in Fig. S5 in the SM. This behavior is quite similar to the one of pristine BLG, apart from the pronounced asymmetry in the DOS.
C. Seebeck coefficients
In the context of electric field tuning of the DOS, we investigate the behavior of the Seebeck coefficient for the BLG systems with single impurity type doping, which indicate degenerate semiconductor behavior. In general, the electric conductivity σ and the Seebeck coefficient S can be calculated using the linear response functions L n (n = 0, 1, 2, . . .):
where D(E) is the total DOS, f FD is the Fermi-Dirac distribution, v g = 1/ (∂E/∂k) is the group velocity, τ is the relaxation time and d = 2 is the system dimensionality. For a given temperature T , the electrical conductivity σ(T ) and thermopower S(T ) are given by:
For metals or degenerate semiconductors and low temperatures, the expression of the Seebeck coefficient takes the Cutler-Mott form [41] :
(5) Furthermore, assuming that near the Fermi level the relaxation time and the group velocity do not depend on the energy, the expression of the Seebeck coefficient S CM simplifies considerably and it may be written using D(E):
From Eq. (6) one notes that S CM is maximized for large asymmetries in the DOS in the vicinity of E F and it is also proportional with T at low temperatures. However, in experimentally relevant conditions, the physical properties, like the electrical conductivity may depend on a number of factors, which follow from the preparation conditions, such as system crystallinity and point defects.
In the previous section we showed that the group-III and group-V doped BLGs exhibit degenerate semiconductor characteristics. Moreover, they have particular features in the DOS, which render qualitatively different regimes. We analyze in the following the low temperature behavior of the Seebeck coefficient, in the CutlerMott approximation. For this purpose, we denote by α CM the proportionality constant in the linear dependence of S CM (T ) in Eq. (6), i.e. S CM = α CM T and the calculated values of α CM for E field = 0, ±5 V/nm are listed in Table III For [dD(E)/dE]| EF > 0 the Seebeck coefficient is negative, which corresponds to the n-type conduction. This is a typical case for N, P, As doped systems. As one can see from Fig. 3 the DOS is increasing with energy at E F , while for P-BLG and As-BLG systems the sharp peak in the DOS is centered at slightly higher energies than E F . The opposite situation, [dD(E)/dE]| EF > 0 corresponds to p-type systems. From Table III we notice that B and Al doped systems at zero electric field have positive Seebeck coefficients, while the Ga doped BLG has a small negative value. This corresponds to a decrease in the DOS for B-doped BLG, while for Al and Ga doped BLGs a broad peak is located around the Fermi level. Applying an external electric field, the n-or p-type behavior found in the absence of the field is retained. A distinct behavior is found for Al-BLG and Ga-BLG, where the sign of the Seebeck coefficient changes, as E field is tuned from negative into positive values and the peak located near the Fermi is shifted. Similar trends are also obtained for the A 1 position of the subtitutional impurities, as shown in Table S2 . A behavior of this type has been reported in low dimensional systems [42] [43] [44] , in the context of resonant transport, where the position of resonances may be tuned during the operation conditions, whereas here we predict it in a bulk system. Furthermore, band engineering is considered a potential route for achieving a tunable sign of the thermopower even if either n-or p-type doping cannot be obtained [45] . If this can be realized dynamically by an external stimulus, e.g. by applying an external electric field, it may serve for reconfiguring Peltier devices at the nanoscale.
IV. CONCLUSIONS
We investigated the effect of extrinsic doping on the electric and thermoelectric properties of BLGs, in the context of applied electric fields. Group-III and group-V impurities render the system p-type and n-type, respectively, and under the conditions of high doping the systems behave as degenerate semiconductors with a tunable Fermi energy by the external electric field. This may provide applications to tunneling diodes, formed either in-plane or in stacked layers. Si and Ge substitutions induce a gap at zero field, which may be closed by applying a properly oriented electric field, which is the opposite behavior of the pristine BLG. This is particularly important for achieving a complementary behavior with respect to pristine BLG, so that normally-ON and normally-OFF field effect transistors can be embedded in the same BLG, resembling the CMOS circuitry design. Furthermore, the asymmetries of the DOS near the Fermi level, which can be modified by the external field, can be exploited in thermoelectric devices. In particular, Al and Ga doped systems may exhibit a sign change in the Seebeck coefficient by tuning E field . By dual doping with III-V elements, a semiconductor behavior is obtained, with significant gaps of ∼ 0.45 eV for Ga-As. These observations enrich the potential applications of BLGs, from integrated logic circuits to cooling nano-elements. FIG. S2. Dual doped BLG structures, with impurities in B1-B2 positions: 1st row -B-N, B-P, B-As; 2nd row -Al-N, Al-P, Al-As; 3rd row -Ga-N, Ga-P, Ga-As. TABLE S1. Structural properties of BLGs with substitutional impurities from groups III, IV and V in A1 position: average bond length to neighboring C atoms dX−C, off-plane shift ∆zX , BLG inter-layer distance dBLG. All distances are given inÅ. 
